Introduction
COPD is characterized by progressive deterioration of lung function, and worsening of symptoms and health status. The main goals of treatment and management of the disease are to improve lung function, and reduce symptoms and the risk of future exacerbations. 1 Clinical trials are generally designed to evaluate improvements in lung function, symptoms, health status, quality of life, and risk of exacerbations,
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greulich et al usually following a switch in treatment regimen. Analysis of treatment responsiveness using a composite endpoint is practiced in clinical trials of multifaceted diseases, such as cardiovascular disease. 2, 3 A composite endpoint typically includes both objective and subjective outcome measures, taking into account both the physicians' clinical opinion and the patients' perception; these endpoints are helpful in understanding the overall worsening of a disease and the effectiveness of a therapeutic intervention to reduce this. Given the generally progressive nature of COPD, treatment success can also be defined as the prevention of disease progression. Therefore, there is an increased implementation of a composite endpoint in COPD trials that considers deterioration in lung function, dyspnea, health status, and incidence of exacerbation. 4 Clinically important deterioration (CID) was first evaluated as a composite endpoint for COPD trials in a pooled analysis of the fixed-dose long-acting β 2 -agonist/longacting muscarinic antagonist (LABA/LAMA) combination vilanterol/umeclidinium. 4 In this analysis, CID was defined based on individual outcome measures of deterioration in lung function (forced expiratory volume in 1 second [FEV 1 ]), patient-reported outcomes (St George's Respiratory Questionnaire [SGRQ]), and incidence of moderate or severe exacerbations. 4 In a more recent analysis involving the LABA/LAMA formoterol/aclidinium, transition dyspnea index (TDI) was included in the definition of CID together with FEV 1 , SGRQ and exacerbations. 5 Randomized, controlled, Phase III trials (ILLUMINATE, SHINE, LANTERN, and FLAME) involving the LABA/LAMA combination indacaterol/glycopyrronium (IND/GLY) demonstrated superiority in health-related quality of life and a decrease in exacerbations in patients with moderate-to-very-severe COPD, compared with monotherapies and an LABA/inhaled corticosteroid (ICS) combination. [6] [7] [8] [9] Analyses from the LANTERN, ILLUMINATE, and SHINE studies have also shown that IND/GLY effectively reduced the risk of CID versus salmeterol/fluticasone (SFC) and tiotropium using 2 different CID definitions composed of FEV 1 , SGRQ or TDI, and exacerbations. 10 CRYSTAL was an open-label, randomized study in which patients were directly switched to IND/GLY from their baseline therapy without any washout period, mimicking routine clinical practice. 11 The CRYSTAL study demonstrated superior effectiveness of IND/GLY in patients with moderately symptomatic COPD who were receiving monotherapy with LABA or LAMA or LABA + ICS dual therapy either as free or fixed-dose combination at baseline. 11 The aim of this analysis was to evaluate the effectiveness of IND/GLY in reducing the risk of CID in patients with moderate COPD after direct switch to IND/ GLY from previous therapies. Different CID definitions were also evaluated in order to improve our knowledge of this composite endpoint.
Methods
study design
The CRYSTAL study design has been described previously (ClinicalTrials.gov number: NCT01985334). 11 Briefly, this was a 12-week, prospective, multicenter, randomized, openlabel trial that evaluated the efficacy and safety of IND/GLY or GLY after a direct switch from previous treatments in patients with moderate COPD and #1 exacerbation in the previous year, in both hospital and primary care settings. Patients were randomized (3:1) to IND/GLY or ongoing therapies stratified by previous treatment and modified Medical Research Council (mMRC) score. This post hoc analysis aimed to determine the effect of the direct switch to IND/GLY from previous treatment with LABA + ICS (in free or fixed-dose combinations) or a single bronchodilator (LABA or LAMA) to IND/GLY on reducing the risk of CID (Figure 1 ).
Patients
Male or female patients, aged $40 years were included if they had a clinical diagnosis of moderate COPD and a history of #1 moderate-to-severe exacerbation in the previous year, smoking history of $10 pack-years, mMRC score $1, moderate airflow limitation with FEV 1 $50% and ,80% predicted, and FEV 1 /forced vital capacity ratio ,0.7. Patients who were switched to IND/GLY from an LABA or an LAMA had mMRC score $2, whereas those switched from LABA + ICS to IND/GLY had an mMRC score $1. All patients provided written informed consent before any study-related procedure.
11 (All inclusion and exclusion criteria are provided in the Supplementary material).
Definitions and assessments of CID
Three definitions of CID were evaluated in this analysis (D1, D2, and D3), which are summarized in Table 1 . Each definition comprised a combination of subjective and objective outcome measures typically associated with COPD; these were as follows: 1) deterioration in lung function (as expressed by $100 mL decrease in trough FEV 1 from 
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CrYsTal: prevention of CID by indacaterol/glycopyrronium baseline); 2) deterioration in patient-reported outcomes (ie, a decrease in TDI total score of $1 point and/or an increase in clinical COPD questionnaire (CCQ) total score of 0.4 point); and 3) a moderate or severe exacerbation (moderate COPD exacerbation was defined as an exacerbation requiring treatment with either systemic corticosteroids and/or antibiotics, whereas a severe COPD exacerbation was defined as one that required hospitalization or an emergency room visit lasting longer than 24 hours). A patient meeting any 1 of those deterioration endpoints at Week 12 was considered as having a CID. If a patient met 2 or more of these deterioration endpoints, this was considered as a single CID.
In addition, subgroup analyses were performed based on demographic and baseline clinical characteristics. Subgroups comprised age, gender, smoking history, lung function, exacerbation history, duration of COPD, symptoms, and baseline therapy.
statistical analysis
All statistical analyses were performed on the intentionto-treat population who switched to IND/GLY from LABA + ICS or from an LABA or an LAMA. Patients were classified into clinically deteriorating (D1, D2, and D3) or non-deteriorating groups, in accordance with the definitions in Table 1 . The comparisons of CID between treatments (IND/ GLY versus LABA + ICS or LABA or LAMA) were analyzed using the observed odds ratio (OR) for patients deteriorating versus non-deteriorating and the corresponding 95% CIs. A subgroup analysis assessed the effect of treatments on the risk of CID across relevant subgroups, such as: age (,65 or $65; ,75 or $75 years), gender (male or female), smoking history (current or ex-smoker), number of exacerbations in the previous years (0 or $1), FEV 1 at baseline (,60% or $60%), short-acting bronchodilator reversibility (,12% or $12%), mMRC score at baseline (#1 or $2), time since diagnosis of COPD (,5 or $5 years), baseline therapy for patients who switched to IND/GLY from LABA + ICS (SFC; formoterol/ budesonide; or other) and baseline therapy for patients who switched to IND/GLY from LABA, LAMA, or other. The optimal cut-off point for the time since diagnosis of COPD Figure 1 study design of the groups that switched to InD/glY. Note: *randomization ratio (switched:continued baseline treatments) =3:1 by stratifying background medications. Abbreviations: ICs, inhaled corticosteroid; InD/glY, indacaterol/glycopyrronium; laBa, long-acting β 2 -agonist; LAMA, long-acting muscarinic antagonist; mMRC, modified Medical research Council; od, once daily.
Table 1 Definitions of clinically important deterioration
Definition
Combination of parameters
D1
Decrease of $100 ml in trough FeV 1 from baseline or decrease of $1 point in TDI or incidence of aeCOPD during the study D2
Decrease of $100 ml in trough FeV 1 from baseline or increase in $0.4 point in CCQ from baseline or incidence of aeCOPD during the study D3
Decrease of $100 ml in trough FeV 1 from baseline or decrease of $1 point in TDI or increase in $0.4 point in CCQ from baseline or incidence of aeCOPD during the study Note: An AECOPD was defined as worsening of COPD which was managed with short-acting bronchodilators and a systemic corticosteroid or antibiotic, or a combination of both. 
Results
Patients and baseline characteristics
Of the 2,159 patients analyzed, 1,622 were directly switched to IND/GLY (811 from LABA or LAMA, and 811 from LABA + ICS), and 537 continued their baseline treatment with LAMA or LABA (n=268) or LABA + ICS (n=269). Patients who were receiving LABA or LAMA at baseline had a higher dyspnea score (mMRC $2) than those who were receiving LABA + ICS (mMRC $1), as per the inclusion criteria for these groups. Patients' demographics and baseline characteristics were balanced across all groups ( Table 2) . Figure 3 . Treatment with IND/GLY significantly reduced the risk of Figure 3 ). Deterioration in the individual outcome measures used to define the CID is presented in Results of a subgroup analysis based on baseline characteristics were consistent with the overall results with trends in favor of IND/GLY and larger CIs due to the smaller patient numbers ( Figure S2A-C) .
Discussion
This exploratory analysis of the CRYSTAL study demonstrated that a direct switch to IND/GLY from LABA + ICS or monotherapy with LABA or LAMA reduced the risk of CID in patients with moderate COPD in routine clinical practice. The effectiveness of IND/GLY was more pronounced Table 1 . Abbreviations: CID, clinically important deterioration; InD/glY, indacaterol/glycopyrronium; laBa, long-acting β 2 -agonist; laMa, long-acting muscarinic antagonist; mMRC, modified Medical Research Council. in patients who were switched from LABA or LAMA and may be related to the fact that these patients were more symptomatic at baseline. The results obtained from the subgroup analyses (based on patient demographics, clinical characteristics, and baseline treatments) were found to be consistent with the overall population. The complex and progressive nature of COPD can impact patients' responsiveness to a treatment and can be influenced by demographic profile, as well as clinical and physiological characteristics. Furthermore, evaluation of disease progression can assist the physicians in choosing the most appropriate treatment strategy on a case-by-case basis. 1, 11 Analysis of the effectiveness of a treatment using a composite endpoint is now widely accepted in clinical trials of complex diseases, including cardiovascular diseases and neoplasia, assuming that the individual components of the composite endpoint are of clinical importance. 3 The effective use of composite endpoints may increase the efficiency of clinical trials by reducing sample size, costs, and time. It may also help investigators identify outcomes that refer to disease progression and facilitate the assessment of patient-reported outcomes that provide information on multiple aspects of the patients' perception of their health status. 2, 3 In the present analyses, the use of CID as a composite endpoint for COPD was based on the major drivers of worsening lung function, symptoms, health status, and exacerbations, all of which contribute to the long-term prognosis of the disease. 4, 5, 10 Two key determinants of bronchodilator responsiveness and worsening of COPD, namely FEV 1 and exacerbations, were Table 1 . Abbreviations: CID, Clinically important deterioration; ICs, inhaled corticosteroid; InD/glY, indacaterol/glycopyrronium; laBa, long-acting β 2 -agonist. 
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CrYsTal: prevention of CID by indacaterol/glycopyrronium included in all 3 CID definitions. 12 These were considered in conjunction with patient-reported outcomes, namely TDI, CCQ, or both. 1, 12 The analyses also attempted to identify the best possible combination of individual outcome measures (accounting for lung function and exacerbation parameters) for the CID endpoint that would best assess treatment responsiveness and disease progression. Hence, TDI and CCQ were interchanged in D1 and D2 on the basis that TDI is more suitable for clinical trials while CCQ is a convenient tool in daily practice for assessment of health status. Deteriorations in TDI and CCQ had a similar performance in definitions D1 and D2, as shown by the similar CID data for these 2 definitions. Using CCQ, a simpler tool, may make the data more relevant for clinical practice than previous CID analyses of IND/GLY, vilanterol/umeclidinium, and formoterol/aclidinium, which used SGRQ as the measure of health status. 4, 5, 10, 13 Another reason for selecting the CCQ test is time for completion, as it provides information on patients' health status much quicker than the lengthier SGRQ, although the correlation between the 2 tools is weak.
14 It is important to note that the 12-week CRYSTAL study was not designed specifically to detect exacerbations, therefore, the data related to exacerbation endpoints need to be interpreted with caution. This may represent an important reason for the absence of a difference in exacerbations between IND/GLY and previous treatments, in contrast to previous randomized controlled trials specifically designed to answer this question. 15, 16 As expected, in this short-duration study, the major determinant of early CID prevention by IND/GLY versus previous treatments was the prevention of FEV 1 reduction.
Age, gender, airflow limitation, history of exacerbations and duration of disease are all known to have an impact on treatment responsiveness of patients with COPD. 1 Findings for the subgroup analysis reported here (based on demographics and baseline characteristics) showed consistency with previous efficacy data of IND/GLY in reducing the risk of CID. 10 Interestingly, in all the additional analyses, we were not able to identify specific subgroups where IND/GLY would be more effective in reducing CID, suggesting that the benefit was, in general, consistent in all the subgroups evaluated (see Supplementary material).
The outcomes of this analysis support a previous report that demonstrated effectiveness of IND/GLY in reducing the risk of CID, 10 where significantly delayed first occurrence of CID and delayed sustained CID were observed with IND/GLY versus tiotropium and SFC. Previous reports showed that 2 fixed-dose LABA/LAMA combinations (vilanterol/umeclidinium and formoterol/aclidinium) were significantly better than placebo and their mono-components in delaying CID in patients with moderate-to-severe COPD. 4, 5 However, the definition of composite endpoint used in these studies varied, comprising a combination of decrease in FEV 1 , increase in SGRQ, decrease in TDI, and occurrence of exacerbations. 4, 5 Furthermore, time-to-first and sustained CID was analyzed, whereas in this analysis, we have determined proportion of patients with CID and risk of CID, which provide similar clinically meaningful information on treatment response. 10 The potential mechanisms for the increased efficacy of dual bronchodilators versus previous treatments on the reduction of CID risk are associated with their mechanism of action and may include the effective lung deflation, a potential improvement of mucociliary clearance, and the reduction of symptoms and COPD exacerbations. 17, 18 However, the present analysis was not designed to assess these potential mechanisms of action. Outcomes of the present analysis, along with previous reports, showed that IND/GLY can prevent CID in patients with COPD of all severities (moderate-to-very severe). 8, 10 In this analysis, the results were consistent across the different definitions used, which indicated that any of the definitions can be adapted to examine CID in a patient and aid a clinical decision. It further justified the selection of individual parameters by showing stability of the components and precision of the process. These analyses add to the existing repertoire of CID definitions applied to COPD trials, which may aid in determining the most applicable definition of CID endpoint for COPD to be used in routine clinical settings. In addition, the open-label design with a direct switch without a washout period mimics routine clinical practice settings, and thus enhances its applicability/generalizability, unlike previous studies, 4, 5, 13, 19 The present analysis has some limitations. First, the relatively short duration of the CRYSTAL study may not allow for appropriate evaluation of exacerbations and patients were evaluated at 2 time points only, at baseline and Week 12 and not in between. However, the CID analysis of 2 long-term trials (TORCH and ECLIPSE) showed that early CID in COPD patients was associated with long-term worsening of the disease, 20 and a pooled analysis showed that earlier introduction of dual-bronchodilator therapy (vilanterol/umeclidinium) in symptomatic patients with COPD provides better protection against deterioration compared with tiotropium monotherapy. 19 Therefore, the clinical importance of performing this analysis in the CRYSTAL trial is that it enriches the available evidence from other trials by adding information from a direct switch study mimicking clinical practice. A second limitation might be that the aspect of the statistical analysis of a composite endpoint assumes that a treatment has equal impact on all individual components of the endpoint; in reality, a treatment impacts each individual parameter differently. This adds to the complexity of interpreting the results of an analysis that uses a composite endpoint, and the results derived from such analyses should be interpreted with caution. 2, 3 Finally, the concept of CID needs to be validated in prospective trials in order to identify the potential clinical value of this composite endpoint and, specifically, long-term studies are needed to substantiate the real-life effectiveness of IND/GLY in reducing the risk of CID.
In conclusion, this analysis -using data from the open-label CRYSTAL study -demonstrated that in real-life clinical practice, a direct switch to IND/GLY from LABA + ICS, or LABA or LAMA therapies significantly reduces CID in patients with moderate COPD, leading to prevention of disease progression. These results support the use of LABA/ LAMA as a preferred treatment option in symptomatic patients with moderate COPD and up to 1 exacerbation in the previous year, complementing similar data from other randomized controlled trials.
